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The effect of moderate rates of nitrogen deposition on ground floor vegetation is poorly 17 predicted by uncontrolled surveys or fertilization experiments using high rates of nitrogen (N) 18 addition. We compared the temporal trends of ground floor vegetation in permanent plots 19 with moderate (7-13 kg·ha -1 ·yr -1 ) and lower bulk N deposition (4-6 kg·ha -1 ·yr -1 ) in southern 20
Sweden during 1982-1998. We examined whether trends differed between growth forms 21 (vascular plants and bryophytes) and vegetation types (three types of coniferous forest, 22 deciduous forest, and bog). Trends of site-standardized cover and richness varied among 23 growth forms, vegetation types, and deposition regions. Cover in spruce forests decreased at 24 the same rate with both moderate and low deposition. In pine forests cover decreased faster 25 with moderate deposition and in bogs cover decreased faster with low deposition. Cover of 26 bryophytes in spruce forests increased at the same rate with both moderate and low 27 deposition. In pine forests cover decreased faster with moderate deposition and in bogs and 28 deciduous forests there was a strong non-linear increase with moderate deposition. The trend 29 of number of vascular plants was constant with moderate and decreased with low deposition. 30 We found no trend in the number of bryophyte species. We propose that the decrease of 31 cover and number with low deposition was related to normal ecosystem development 32 (increased shading), suggesting that N deposition maintained or increased the competitiveness 33 of some species in the moderate-deposition region. Deposition had no consistent negative 34 effect on vegetation suggesting that it is less important than normal successional processes. 35
INTRODUCTION
39
While rates of acid deposition in western Europe decreased by 34% from 1980 to 1995 due 40 to the control of sulphur emissions (Berge et al., 1999) , rates of N deposition have since 41 remained fairly constant (Berge et al., 1999) . Since most temperate terrestrial ecosystems are 42 N-limited (Jefferies and Maron, 1997, Lee, 1998) , N deposition now represents a larger threat 43 to natural communities than acidification. In the second half of the last century, the abundance 44 of fast-growing, weedy species typical of fertile soils increased, while species characteristic of 45 infertile soils decreased in industrialized regions of Central Europe (Bobbink et al., 1998) only weak responses of forest floor species (Kellner and Redbo-Torstensson, 1995) . 57
Similarly, a review of N deposition effects on forests in southern Sweden (Binkley and 58 Högberg, 1997 ) concluded that moderate rates of N deposition (5-20 kg·ha -1 ·yr -1 ) have 59 increased the productivity of trees, but showed equivocal evidence that deposition has 60 affected the understory. 61 species in all quadrats in each plot. We calculated mean cover for each species across all 145 quadrats of a plot, whether individuals were present or not, and then summed the means for 146 each plot for total cover. Thus, we did not correct total cover for overlapping plants. 147 Species richness and total cover in the first years of observation differed among plots, 148 reflecting different site conditions (including climate) and site history. Moreover, a small 149 absolute change in plots with low richness or cover is more significant than the same change in 150 plots with high richness or cover. Therefore, we standardized species richness and expressed 151 it as a percentage of cumulative richness (i.e., the number of species observed in one plot over 152 the whole monitoring period). We standardized cover by expressing it as a percentage of the 153 initial cover in each plot (i.e., total cover in the first year of observation = 100 %). Changes of 154 standardized richness and cover are expressed as percentage points per year (pp/yr).
8
The cover and number of vascular species in the deciduous forest was monitored in spring 156 and summer. Initially, both aspects were monitored in the same year, later alternating every 157 two or three years. We merged these observations by taking the maximum cover of each 158 species in each quadrat from spring and the corresponding observation from the previous 159 summer before calculating the richness or cover for the whole plot. 160
We used tree basal area to detect drastic changes in canopy shading of the plots. Diameter 161 at breast height (1.3 m) of each live tree was measured to the nearest cm in each plot. Basal 162 area of each tree was calculated assuming a circular stem cross-section and summed over the 163 plot area for each species. Measurements were repeated after about 5 years and in some sites 164 again after 10 and 15 years. 165
Statistical analyses 166
The trends (linear temporal change) of richness and cover were compared between plots 167 with low and high deposition, between growth forms (vascular plants and bryophytes), and 168 between vegetation types using analyses of covariance (ANCOVAs). Deciduous forest 169 occurred only in the high-deposition region and was excluded from ANCOVAs to keep the 170 design balanced. The fully factorial ANCOVAs included the fixed-effect factors deposition 171 region, growth form, and vegetation type, with time as covariate. We removed interactions not 172 including time from the model when they were not significant at the 20% level. Statistics were 173 calculated with JMP 4.0.1-4 (SAS Institute, Cary, NC, U.S.A.). 174
Significant serial correlation (autocorrelation) of residuals in regressions invalidates common 175 statistical tests. We found no serial correlation between adjacent residuals using parametric 176 (Pearson's r) and non-parametric tests (Kendall's τ). 177
We do not present results for lichens because they were rare in most plots (cover sum <2% 178 in all plots except the low-deposition pine forest where cover sum was on average 11% acrossyears with no significant temporal trend). Changes of tree basal areas were not compared 180 statistically because measurements had been repeated only once or twice during the study 181 period. 182
RESULTS
183
Deposition, precipitation, temperature, basal area 184 Trends of cover differed between growth forms and deposition region depending on 200 vegetation type (Fig. 3, Fig. 4 ; growth form × vegetation × time: F 3,100 = 5.68, P = 0.001; 201 deposition × vegetation × time: F 3,100 = 3.37, P = 0.02). Therefore, we analyzed the trends 202 separately for each vegetation type. In both types of spruce forests, cover of vascular plants 203 decreased (Fig. 3) while that of bryophytes increased ( Fig. 4 ; growth form × time: blueberry-204 spruce: F 1,30 = 25.9, P < 0.001; herb-spruce: F 1,28 = 28.9, P < 0.001). The trends did not differ 205 between moderate and low deposition regions, suggesting that deposition had no effect on 206 species in spruce forests. For pine forests, trends did not differ between growth forms, but 207 cover decreased faster in the moderate (-4.7 pp/yr; Fig. 3, Fig. 4 (Fig. 4) . In the deciduous forest the decrease of cover of vascular plants was not significant 214 (Fig. 3) , while the cover of the two bryophytes increased strongly from 0.5 % to 11 % ( differ significantly between deposition regions. The inclusion of all dwarf shrubs allowed a 224 meaningful comparison for pine forests and bogs. Dwarf shrubs, too, decreased at the samerate in pine forests in both regions. In bogs, cover of dwarf shrubs decreased significantly in 226 the low-deposition site but showed no significant trend in the moderate-deposition site 227 (deposition × time: F 1,8 = 29.7, P < 0.001; Fig. 3) . 228
In short, the cover of vascular plants decreased over time while that of bryophytes 229 increased in all but the pine forests plots where the cover of bryophytes also decreased. Cover 230 of vascular plants in bogs decreased faster in the low than in the moderate-deposition region, 231 whereas in pine forests cover of vascular plants and bryophytes decreased faster in the 232 moderate than in the low-deposition sites. 233
Species richness 234
Trends of species richness differed between vascular plants and bryophytes (growth form 235 × deposition × time: F 1,107 = 4.50, P = 0.04). Therefore, we analyzed the trends separately for 236 each growth form. Richness of vascular plant species was constant in the moderate-deposition 237 sites but decreased in the low-deposition sites (-2.7 pp/yr; Fig. 5 ; deposition × year: F 1,57 = 238 7.56, P = 0.008). The rates of decrease did not differ among vegetation types. Species richness 239 of bryophytes showed no significant trends over time (Fig. 6 ). In the deciduous forest there 240 were only two moss species, the second found only in the last year. In summary, richness of 241 vascular plant species decreased more slowly at higher rates of deposition, whereas richness 242 of bryophytes showed no trend. 243 The cover of vascular plants generally decreased at all sites (Fig. 3) , whereas the cover ofbryophytes generally increased except in the pine forests (Fig. 4) , where bryophyte cover also 248 decreased. The rates of decrease did not differ between deposition regions in the spruce 249 forests, were higher in the moderate-deposition site of the pine forests, but lower in the 250 moderate-deposition site of the bogs. These trends do not confirm our hypothesis that higher 251 rates of N deposition increase cover of vascular plants. Rather 
, 2006). We suggest that the decrease of 265
Vaccinium species is more in line with an increase of shading with forest stand age. The 266 increase of shading was apparently not strong enough to be reflected in a significant increase 267 of tree basal area. 268
In the deciduous forest, the strong decrease of the shade-tolerant Mercurialis perennis 269 (Ellenberg, 1986 ) was balanced by an increase of the nitrophilous, but light-indifferentbe related to higher light levels due to the death of old trees in the plot. In other deciduous 272 forests in the moderate-deposition region, cover of most species increased from c. 1950 to 273
(Falkengren-Grerup, 1989). Species responses were interpreted as being mostly related 274
to soil pH and not N, based on the species' indicator values and similar changes in vegetation 275 along soil acidity gradients caused by stemflow (Falkengren-Grerup, 1989 ). The effect of 276 increased tree production and shading, however, could not be excluded. 277
The increase of bryophyte cover in all plots except pine forest (Fig. 4) changes in vegetation cover. In pine forests, however, cover of bryophytes decreased and they 284 did so faster in the moderate than in the low-deposition region (Fig. 4) . The simultaneous 285 decrease of bryophytes in both deposition regions suggests again that deposition alone was 286 not responsible for the decline but may have sped up the decline in the moderate deposition 287 pine forest. The decline in pine forest is neither in line with reduced light, as bryophytes in 288 other sites apparently did not react negatively to increased shading. Comparison of the pine 289 plot with the blueberry-spruce plot in the same low-deposition site, where bryophytes did 290 not decrease, suggests that the decrease in the pine forests is linked to the tree species, but we 291 are unable to deduce the responsible mechanism based on the available information. 292
In summary, higher rates of N deposition seem to have had little immediate effect on the 293 cover of the forest understorey. 294
Richness 295
Change of vegetation cover represents mostly the dynamics of dominant and tolerant 296 species. Our analysis of cover trends did not reveal any significant effect of N deposition. 297
More subtle effects of N deposition may be detected by changes in the species richness, 298 which represents mostly the response of rare and potentially sensitive species. Species 299 richness of vascular plants generally decreased in the low-deposition sites and showed no 300 trend in the moderate-deposition sites (Fig. 5) . This was contrary to our expectations. We had 301 assumed that species richness in the late-successional, low-deposition sites was stable. We 302 had further expected that low rates of fertilization by N deposition would either allow more 303 species to grow in the N-limited forests and richness would rise or that higher rates of 304 deposition would allow nitrophilous species to out-compete species tolerant of low-fertile 305 soils and richness would be lowered. The lack of a significant decrease in the moderate-306 deposition plots could be explained by arguing that species that are less tolerant or less 307 competitive at high rates of N or acid deposition may have been lost from the plots before our 308 study started (Nordin et al., 2005) , whereas this process may still be continuing in the low-309 deposition region. This reasoning would agree with the generally lower number of species in 310 the moderate-deposition spruce forests but not with the decrease of species richness in the 311 low-deposition pine forest and bog, where the number of species was also low from the start 312 of our study. Our results are more consistent with the hypothesis proposed in the preceding 313 section that the environment in the late-successional forests is still changing in a way that is 314 relevant to the ground vegetation. The species most likely to be lost from a site are those with 315 low abundance because they are not well adapted to site conditions, i.e. lower light conditions 316 according to our previous argument. Consequently, the lack of trend of species richness in the 317 moderate-deposition sites suggests that higher N availability might partially compensatereduced growth due to shading. This would also explain the variation of species richness in the 319 high-deposition sites as an effect of the annual variability of deposition (Fig. 2) . 320
Trends of bryophyte richness did not differ between deposition regions (Fig. 6 ) but varied 321 strongly across time in both regions. The lack of trend in bryophytes is surprising because 322 bryophytes are usually considered more sensitive to high rates of N and acid deposition than 323 vascular plants (Mäkipää, 1995) . We conclude that the rates of deposition were not high 324 enough to significantly affect the richness of bryophytes of the sites, although variation in 325 deposition may have influenced the abundance and thus detectability of rare species causing 326 the observed variability of species richness. 327
In summary, our results indicate that moderate rates of N deposition do not affect the 328 richness of the ground vegetation negatively. We suggest that moderate rates of N deposition 329 prevent the decrease of species richness of vascular plants by improving the competitive 330 ability of rarer species as shading in maturing forests increases. 331
Deposition and ground vegetation. 332
In European regions with high rates of N deposition, and in fertilization experiments, the 333 dominance of the ground vegetation shifts from low herbs and dwarf shrubs to fast growing, 334 tall grasses and herbs (Bobbink et al., 1998 ). This appears to contrast with our results. N 335 addition at our sites, however, was a fifth to a tenth of that used in most fertilization 336 experiments (e.g., Kellner and Mårshagen, 1991 , Mäkipää, 1994 , van Dobben et al., 1999 and 337 much lower than the rates in the Netherlands, where the most dramatic changes have been 338 documented (Bobbink et al., 1998) . Binkley and Högberg (1997) , reviewing the effect of 339 deposition on Swedish forests, pointed out that many studies that purported finding effects 340 of deposition did not consider normal trends in forest stand development or other biotic 341 influences, e.g., the tremendous increase of roe deer (Capreolus capreolus) and elk (Alcesalces) populations. These authors concluded that there was no evidence that N deposition had 343 reduced the productivity of trees in Swedish forests. Our study indicates that there are no 344 negative effects of moderate deposition on the understorey vegetation in southern Sweden 345 either and thus supports Binkley and Högberg (1997) forests and bogs to 6 kg ha -1 yr -1 as has been proposed for boreal forests (Nordin et al., 2005) . 365
In conclusion, vegetation responses in the same vegetation type were generally similar inmoderate (7-13 kg ha -1 yr -1 ) and low (4-6 kg ha -1 yr -1 ) deposition sites in southern Sweden 367 when initial differences were accounted for. Most trends that were significant concerned 368 vascular plants, were negative, and were stronger in low-deposition sites. Trends did not agree 369 with expected across-the-board direct effects of N deposition. Effects differed between 370 growth forms and among species and general trends were more likely a response to increased 371 tree canopy shading. 372 Herb-spruce forests 1980 1985 1990 1995 2000 1980 1985 1990 1995 Pine forests 1980 1985 1990 1995 2000 Bogs Blueberry-spruce forests The number of species is expressed as percentage of each plot's cumulative richness (Tab. 1). 537
There were no significant linear regressions. 538
